A higher surface density of poly(ethylene glycol) (PEG) on polymeric micelles enhances their stability in serum, leading to improved plasma circulation. To obtain fundamental, mechanistic understanding of the PEG effect associated with polymeric architecture/ configuration, we have synthesized PEGylated dendron-based copolymers (PDCs) and linear block copolymers (LBCs) with similar molecular weights. These copolymers formed dendron (hyperbranched) and linear micelles, respectively, which were compared in terms of their stabilities in serum, micelle-serum protein interactions, and in vivo biodistributions. Overall, the dendron micelles exhibited a better serum stability (longer half-life) and thus a slower release profile than the linear micelles. Fluorescence quenching assays and molecular dynamics (MD) simulations revealed that the high serum stability of the dendron micelles can be attributed to reduced micelle-serum protein interactions, owing to their dendritic, dense PEG outer shell. These results provide an important design cue for various polymeric micelles and nanoparticles.
A variety of polymeric nanoparticles (NPs) have been widely employed as potential drug delivery vehicles for therapeutic and diagnostic agents. [1] [2] [3] [4] Although many NPs have demonstrated efficient tumor targeting holding promise as potential anti-cancer therapy, 5, 6 numerous challenges, particularly with regard to achieving controllable nano-bio interactions, still remain to be addressed. 7, 8 An important challenge negatively affecting the performance of nanocarriers (NCs) is the NPs-serum protein interactions. As the NCs enter the systematic circulation, serum proteins could rapidly adsorb onto their surfaces in a form of "protein corona". 9, 10 This uncontrolled NPs-protein interaction can trigger opsonization-mediated NPs uptake by immune cells, disturbing the pharmacokinetic properties of NCs. 11 The adsorbed protein corona can also block the targeting ligands attached on the NPs surface and diminish the specificity of the targeted NPs. [12] [13] [14] For micelle-based NCs, the consequences of such serum protein interactions could be destructive. After being adsorbed on the micelle surface, the serum proteins could penetrate the hydrophobic micelle core, extract hydrophobic molecules from it, and eventually disintegrate the micelles. 11 These undesirable interactions could fail the micellar NCs to deliver their incorporated drug molecules to the intended sites and tissue in vivo. 11, 15, 16 Thus, reducing the micelle-serum protein interactions would substantially improve the effectiveness of these self-assembled NCs. 16 One of the most commonly used strategies in these efforts is to introduce a highly hydrophilic polymer, such as poly(ethylene glycol) (PEG), to the surface of the micelles. [17] [18] [19] The PEG outer shell decreases the protein adsorption, helps NCs to avoid recognition by the immune system, and thus prolong their circulation time. 20, 21 Typically, PEG is conjugated to a linear hydrophobic polymer, resulting in a linear amphiphilic copolymer that forms a self-assembled micelle. 16 However, this linear configuration often results in less dense PEG outer shell, which could provide limited protection to the micelles. 22, 23 The dendritic amphiphilic copolymers tested in this study were developed by our group. The PEGylated dendron-based copolymers (PDCs) consist of hydrophilic poly(ε-caprolactone) (PCL), polyester dendron, and multiple hydrophilic PEG chains ( Figure 1) . 24 Due to their conical structure, these amphiphilic PDCs could self-assemble into dendron micelles with enhanced thermodynamic stability. The critical micelle concentrations (CMCs) of those dendron micelles were ranged from 10 −7 to 10 −8 M, which were up to two orders of magnitude lower than those of similar linear block copolymers (LBCs). More importantly, our molecular dynamics (MD) simulations proved that the dendritic architecture of PDCs formed a high-density PEG outer shell on the self-assembled micelles. The high-density PEG outer shell is expected to reduce the undesired interactions of the dendron micelles with biological components. Based on these findings, we have demonstrated that the high-density PEG layer of dendron micelles does reduce the uncontrolled drug release to non-targeted cells 22 However, the effects of this design on micelle-serum protein interactions have not been investigated.
To systematically study the effects of the dendritic PEG outer shell on the micelle-serum protein interactions, we synthesized PDCs and LBCs with similar molecular weight and hydrophilic lipophilic balance (HLB) and compared their serum stabilities, micelle-serum protein interactions, and in vivo biodistributions. Our results obtained from a series of both experimental and theoretical investigations help us better understand the potential of manipulating polymer architecture to enhance the performance of self-assembled NCs in physiological environments, providing critical design cues for developing effective micellar NCs.
Methods

Materials, synthesis of PDCs and LBCs and micelle preparation
PDCs and LBCs were synthesized and self-assembled into micelles according to our published protocols. 22, 24, 25 The complete synthesis/preparation methods, along with characterization methods, can be found in the supporting information.
Stability of DMs and LMs measured using FRET
FRET-micelles were incubated in PBS buffer or 50% FBS at a concentration of 100 μg/mL. The samples were incubated up to 48 h at 37°C with gentle agitation. The emission spectra of FRET-micelles were obtained using a fluorescence spectrophotometer (RF 1501, Shimadzu, Japan) set at an excitation wavelength of 484 nm. FRET ratios were calculated as I 565 / (I 565 + I 510 ). To estimate the half-life of FRET-micelles in 50% serum, a standard curve was made to correlate the FRET ratio and residual micelle fraction (RMF). 26 FRET-LM3.5 K micelles (PCL 3.5K -mPEG 5K ) were incubated in 50% FBS for 48 h. By assuming all the FRET-LM3.5 K micelles have disassembled under this condition, the disassembled FRET-micelles were mixed with freshly prepared micelles at various concentration ratios. The fluorescence spectra of each micelle mixture were then measured to obtain the FRET ratio. To calculate the disassembly kinetic of micelles, we assumed that the disassembly of micelles follows a first-order kinetic. Therefore, a nonlinear fit using a first-order decay equation (Eq. (1)) was performed to estimate the decay constant of FRET-micelles in 50% FBS. The decay constant could be further converted to the half-life of FRET-micelles using Eq. (2). Figure 1 . Schematic illustration of the structural difference between PEGylated dendron-based copolymer (PDC) and linear block copolymer (LBC).
Where RMF is residual micelles fraction, t is time, K is the decay constant and t 1/2 is the half-life.
In vitro doxorubicin release study
The release profile of doxorubicin (DOX) from the DOXloaded micelles was evaluated using a dialysis method. 1.5 mL of DOX-loaded micelles (1 mg/mL) were mixed with 1.5 mL of FBS and placed in a dialysis membrane (MWCO 3.5 kDa) to dialyze against 27 mL of 50% FBS at 37°C with gentle shaking (100 rpm). At predetermined time points, 3 mL dialysate were sampled and replaced by fresh medium. The DOX content in the collected samples were quantified by the fluorescence at 484 nm excitation and 584 nm emission using a fluorescence plate reader. (Gemini XPS, Molecular Devices, CA, USA).
Micelle-serum albumin interactions
The interactions between micelles and bovine serum albumin (BSA) were evaluated by the changes in the intrinsic fluorescence properties of tryptophan within BSA molecules using a fluorescence spectrophotometer (RF 1501, Shimadzu, Japan). The excitation was set at 295 nm and the emission spectra were recorded in the rage of 315-400 nm. BSA stock solution (25 μM) was freshly prepared in PBS buffer. BSA stock solution (0.4 mL) was then added into micelle solutions (1.6 mL) with different polymer concentrations. After 30 min of incubation, the fluorescence spectrums of the micelle-BSA solutions were recorded. To quantify the quenching effect, the fluorescence data were analyzed using the Stern-Volmer equation (Eq. (3)) to calculate the quenching constant of each micelle, where the Stern-Volmer quenching constant is proportional to the level of interactions between the two species.
F 0 and F are the BSA fluorescence intensities in the absence and presence of copolymers, respectively, Ksv is the SternVolmer quenching constant, and [Q] is the concentration of the copolymers.
Molecular dynamics (MD) simulations
Atomistic MD simulations of LM3.5 K and DM3.5 K micelle-BSA assemblies were performed in a 150 mM NaCl solution with an aggregation number of N agg = 60. Six BSA proteins with different orientations were placed around each of the LM and DM to simulate their mutual interactions. The systems were simulated with NAMD 27 and the CHARMM force field (CHARMM27 28, 29 and CHARMM36 [30] [31] [32] ) in a NPT ensemble at pressure of 1 bar and temperature of 300 K, using Langevin dynamics with a damping constant of 0.01 ps −1 and a time step of 2 fs. Long-range electrostatic interactions were calculated by PME 33 in the presence of periodic boundary conditions. The Coulombic and vdW coupling energies between micelle and BSA were calculated by VMD 34 software using a dielectric constant of 80 (screening was not included). Inclusion of screening would decrease Coulombic coupling, but preserve the much larger vdW coupling and thus the qualitative picture (stronger protein-micelle coupling in LM3.5 K).
In vivo biodistribution study 6-8 weeks old BALB/c female mice were obtained from Charles River Laboratory. Each mouse was anesthetized by ketamine/xylazine (50 mg/kg and 5 mg/kg, respectively) prior to receiving a tail vein injection of the dual-labeled micelles suspended in PBS at a dose of 10 mg/kg. At 4 and 24-h postinjection, the animals were euthanized with ketamine/xylazine (100 mg/kg and 10 mg/kg, respectively). Their blood was then collected by cardiac puncture using a 25 gauge needle and 1 mL syringe and stored in EDTA-coated tubes at 4°C until analysis. As an additional insurance of death, cervical dislocation was performed and the major organs (heart, kidney, liver, lung, and spleen) were harvested, washed by 1X PBS and then frozen until analysis. For the sample processing, the collected blood samples were centrifuged at 3000 rpm for 5 min to remove hematological cells before analysis. The organ samples were carefully weighted and then homogenized in 50% DMSO (three-fold volume to the tissue weight) followed by centrifugation at 16,000 × g for 20 min. The serum samples and the supernatants of tissue samples were measured fluorometrically to determine the amounts of rhodamine and DiO in each of the sample. Regression curves of dual-labeled DMs and LMs in each tissue were prepared to convert the fluorescent signals to the percentages of the initial injected dose. The biodistribution data was presented in percent of initial dose per g tissue. 
Results
Preparation of amphiphilic copolymers and polymeric micelles
To study the effect of dendritic polymer architecture on the micelle-protein interactions, two PDCs (PCL 3.5K -G3-mPEG 0.6K and PCL 14K -G3-mPEG 14K ) with different molecular weights were synthesized using the protocol published previously and compared with their liner counterparts (PCL 3.5K -mPEG 5K and PCL 14K -mPEG 5K ) (Table 1) . 22, 24, 25 As described in Figure 1 , the major difference between PDCs and LBCs is the configuration of their hydrophilic segments. A PDC chain comprises a hydrophilic polyester dendron and eight short PEG chains (600 g/mol) whereas there is only a single long PEG chain (5000 g/mol) in the hydrophilic segment of a LBC chain. With the chosen size of the hydrophobic polymer chain, PCL, each set of the PDCs and LBCs is characterized by their similar total molecular weights and HLBs (Table 1 ).
The four amphiphilic copolymers self-assembled into dendron and linear micelles through dialysis. The dendron and linear micelle were denoted as DM and LM, respectively, followed by the molecular weight of PCL chain. For example, the dendron micelles made from PCL 3.5K -G3-mPEG 0.6K is denoted as DM3.5 K. The particle sizes, zeta-potentials and critical micelle concentrations (CMCs) of the micelles were measured and summarized in Table 2 . The size distribution profiles, along with the polydispersity values, measured using dynamic light scattering (DLS) are also shown in Figure S1 . The hydrodynamic diameters of DMs were slightly smaller than those of their linear counterparts, likely due to their shorter PEG corona, although the size distribution remained similar between the two groups. The change in polymer architecture did not significantly alter the aggregation numbers of the micelles, since the particle size measurements by DLS and transmission electron microscopy (TEM) images of the micelles ( Figure S2 ) both suggested that the particle sizes of the micelles were mainly determined by the length of PCL chain, not by their polymer architecture or PEG chain length. The zeta-potentials of the micelles were not noticeably affected by the polymer architecture either, given that all the tested micelles showed slightly negative zeta potential values ranging from −2 to −5 mV. As expected, the use of longer hydrophobic segments of the copolymers lowered the CMCs of the micelles, due to the increasing cohesion of the hydrophobic cores (Table 2) . 35, 36 With the same length of the hydrophobic 
Stability of DMs and LMs measured by Förster resonance energy transfer (FRET)
Fluorescence probes have been widely used to study the stability of self-assembled NPs upon interactions with biological components. The Maysinger group first reported that linear PCL-PEG micelles were stable in PBS, but they disassembled in serum-containing medium, as observed using fluorescencelabeled polymers. 37 Recently, several studies using a FRETbased method have reported the instability of polymeric micelles upon their interactions with serum proteins. 15, 26, 38 This method can also discriminate the serum stability of polymeric micelles with different hydrophobic polymer structures. 39 Typically, this approach uses a FRET pair, e.g., 3,3′-dioctadecylox-acarbocyanine perchlorate (DiO) as the donor and 1,1′-diocta-decyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate (DiI) as the acceptor, to assess the integrity of micelles. When both dyes are encapsulated in the micelle core, the distance between the two molecules is within a few nanometer range. Under this condition, optical excitation of the FRET donor at 484 nm results in a strong emission of the FRET acceptor at 565 nm, due to the overlapping DiO emission and DiI excitation spectra. In contrast, when the micelles disassemble, the two dye molecules diffuse into the medium and are no longer in a sufficient proximity of each other, resulting in loss of the FRET signal.
Here, the FRET-based technique was employed to compare the serum stability of DMs and LMs. To prepare FRET-micelles, DiO and DiI molecules were encapsulated into DMs or LMs through self-assembly. The stability of these FRET-micelles was first monitored in PBS buffer at 37°C up to 48 hours (Figures 2,  A and S3 ). The FRET ratio (I 565 /(I 501 + I 565 )) of all the micelles tested remained constant throughout 48 hours, showing that all the micelles were stable in the absence of serum proteins. In sharp contrast, in 50% fetal bovine serum (FBS), the FRET ratios of the micelles rapidly decreased over time, indicating the integrity of the micelles was disrupted, as a result of the micelleserum protein interactions (Figures 2, B and S4 ). The serum stability of the micelles was generally proportional to the length (molecular weight) of the hydrophobic polymer (PCL) chains for both DMs and LMs. 39 Interestingly, with the same molecular weight of the PCL chains, DMs (both DM3.5 K and DM14K) displayed a significantly slower decrease in FRET ratio over 48 hours compared to their LM counterparts (Figures 2, B and S4 ). This enhancement indicates that the incorporation of dendritic polymer architecture could improve the serum stability of the micelles.
In order to quantitatively measure the FRET-micelles integrity, we established a standard curve to convert the FRET ratio of micelles into the residual micelle fraction (RMF). 26 Briefly, the FRET-LM3.5 K micelles were assumed 100% disassembled after 48-h incubation, since the calculated FRET ratio at this time point was similar to the FRET ratio of free DiO/ DiI in FBS without micelles. 26 A standard curve that correlates FRET ratio to RMF was established by recording the FRET ratios of micelle mixtures containing 100% disassembled micelles and freshly prepared micelles at various mixing ratios (Figure 2, C) . After converting the calculated FRET ratios of micelle to RMF, a non-linear curve fitting was performed to estimate the half-life of the micelles (Figure 2, D and E) . When a first order decay equation (Eq. (1), see the methods section) was employed for the curve fitting, a good correction was observed (R 2 N 0.90) for all the micelles, indicating that the micelle disintegration followed a first order kinetic profile. The estimated half-lives of DMs and LMs were calculated using Eq. (2) (see the methods section) and presented in Table 3 . The size of the hydrophobic segment is clearly a major factor that affects the halflife of micelles in serum, i.e., the longer PCL block, the longer halflife of the micelles. Notably, the incorporation of dendritic architecture significantly prolongs the half-life of the micelles as well. The half-life of DMs was approximately 2-fold longer than that of LM counterparts. Therefore, the short, dense PEG outer shell formed by PDCs could mitigate the micelle-serum protein interactions and reduce the disassembly of the micelles, potentially decreasing uncontrolled drug release caused by this undesired interaction.
In vitro doxorubicin release study
In this in vitro release study, doxorubicin (DOX) was encapsulated in the micelles since it is a commonly used chemotherapeutic drug molecule with a fluorescence property. The loading efficiencies of all micelles tested were within a comparable range (75-85%), and the DOX loading did not significantly change the hydrodynamic diameters of the micelles (Table S1 ). The release profiles of DOX were obtained using a dialysis method in 50% FBS and 1% Tween 80 to evaluate the effect of dendritic polymer architecture on DOX release in the presence and absence of serum proteins. Figure 3 , A shows the DOX release profiles of DMs and LMs, which follows the same trend observed in the FRET-based stability study shown in Figure 2 , B. The size of the PCL segment is still the dominant factor that determined the DOX release rate. At 12 h, the amount of DOX released from the micelles with PCL3.5 K is approximately 30% higher than that from the micelles with PCL14K (73-79% vs. 55-63%). At the same time point, the amounts of DOX released from DM3.5 K and DM14K are approximately 6% and 8% lower compared to LM3.5 K and LM14K, respectively. The difference between DMs and LMs is not as significant as what was observed in the FRET-based study. This could be attributed to the experimental setting of the release study. Considering that the release study was performed using a dialysis method, once the DOX molecules were released from the micelles, the free DOX would still need to diffuse through the dialysis membrane to be detected. This extra diffusion step could lessen the difference between groups. Interestingly, when the release study was performed in a protein-free medium containing 1% Tween 80 to solubilize free DOX, the difference between DMs and LMs was diminished (Figure 3, B) . Under this condition, the PCL length became the only factor that affected the release rate. These results indicate that the slower DOX release from DMs only in 50% FBS is likely due to the reduction in micelle-serum protein interactions implemented by the dendritic architecture.
Micelle-serum albumin interactions
The BSA fluorescence quenching analysis is a commonly used method to study interactions of BSA with small molecules. 40, 41 The tryptophan residues in BSA exhibit a characteristic fluorescence emission peak at around 340 nm, which is highly sensitive to changes in its surrounding environment. Hence, the changes of BSA fluorescence spectra could be used to evaluate the conformational changes of BSA upon their interaction with small molecules. This technique has also been employed to evaluate the interactions between BSA and various nanomaterials, such as surface modified dendrimers, dendritic polyglycerol and self-aggregated NPs. [42] [43] [44] We therefore employed this assay to analyze interactions between BSA and the micelles. To perform this quenching assay, DMs and LMs at various concentrations were mixed with BSA solution, followed by monitoring the fluorescence spectra of BSA.
In Figure 4 , A-D, both DMs and LMs led to a concentrationdependent reduction of the tryptophan fluorescence, indicating that the interactions between micelles and BSA induce a conformational change of BSA. To quantify the quenching effect, the fluorescence data were analyzed using the SternVolmer equation (Eq. (3), see the experimental section) to calculate the quenching constant of each micelle. The calculated Stern-Volmer quenching constants of all four micelles are listed in Table 4 . A generation 4 poly(amidoamine) (G4 PAMAM) dendrimer group was added as a positive control since PAMAM dendrimers with surface amine groups (-NH 2 ) are known to strongly interact with BSA due to electrostatic interactions. 44 In addition, because the molecular weights of the amphiphilic copolymers with short and long PCL chains are considerably different, we converted the unit of quenching constant from mM −1 to mL/g to better normalize the molecular weight differences. After this conversion, the Stern-Volmer quenching constants of all the tested micelles were below 111 mL/g, which was significantly lower than that of G4 PAMAM dendrimers (432.15 mL/g). Because all the micelles are protected by PEG outer shells, it is not surprising that the micelle-BSA interactions are substantially weaker than the positively charged dendrimers. The quenching constants of DM3.5 K and DM14K micelles were 62.89 ± 18.84 mL/g and 63.10 ± 7.62 mL/g, respectively, which were significantly lower than those from LMs (around 100 mL/g). The lower quenching constants of DMs further confirm that the dendritic PEG outer shells of DMs reduce the interactions between the micelles and serum albumins.
Molecular dynamics (MD) simulations
Next, atomistic MD simulations were performed to further understand the interactions of BSA with DMs and LMs in greater detail. Due to our limited computational capacity, only LM3.5 K and DM3.5 K were modeled. Six BSA molecules with different (random) orientations were placed on the surface of Figure 5 . Atomistic MD simulations of the interaction between BSA and an LM3.5 K (A) or a DM3.5 K (B) micelle in an ionic solution (150 mM NaCl) at 0 ns and 20 ns of the simulation. (PCL is yellow; G3 dendron is cyan; PEG is blue; terminal methoxy group is red; BSA is orange). Scale bar: 5 nm.
LM3.5 K and DM3.5 K micelles in a 150 mM NaCl solution. Figure 5 , A and B display the simulated LM3.5 K and DM3.5 K, respectively. The results show that the relaxed 5000 g/mol PEG chains of LM3.5 K form a diffused PEG outer shell through which BSA molecules can penetrate. In contrast, dendritic 600 g/mol PEG chains of PDCs form a dense PEG outer shell on DM3.5 K, blocking penetration of BSA.
To quantitatively measure the strength of micelle-BSA coupling, the van der Waals (vdW) and electrostatic coupling energies between BSA molecules and micelles were approximately evaluated from these simulation results. The average interaction energy of BSA to DM3.5 K ( Figure S5 ) was about three times lower than that of LM3.5 K (LM3.5 K: -78.5 kcal/mol vs. DM3.5 K: -19.6 kcal/mol), indicating that dendritic PEG outer shell reduces the micelle-BSA interactions. Interestingly, the coupling energies between BSA and the PCL core were -0.1 kcal/mol for LM3.5 K vs. -0.3 kcal/mol for DM3.5 K, suggesting that both PEG outer shells could efficiently isolate the hydrophobic core from BSA ( Figure S6) . However, the diffused linear PEG outer shell allowed much greater micelle-BSA shell interaction as compared to the dendritic PEG outer shell (LM3.5 K: -78.4 kcal/mol vs. DM3.5 K: -19.3 kcal/mol), which results in stronger BSA interactions of LMs ( Figure S6 ).
In vivo biodistribution study
The dual-labeled micelles were prepared by incorporating 0.3 wt% DiO into rhodamine-conjugated polymers during the selfassembly process. Given their relatively high serum stability, we only compared dual-labeled LM14K and DM14K. The duallabeled micelles were administrated by the tail vein I.V. injection (10 mg/kg) into BALB/c mice. At 4-h or 24-h post-injection, the mice were euthanized and their blood and major organs (heart, kidney, liver, lung, and spleen) were collected for analysis. Figure 6 , A and B show the biodistribution of rhodaminelabeled micelles at 4-h and 24-h post-injection, respectively. At both time points, no significant differences in biodistribution were observed between DMs and LMs, indicating that the incorporation of dendritic architecture did not significantly alter the blood level and tissue distribution of the micelles. In contrast, when DiO was encapsulated in DM14K, a higher DiO content in the blood was observed and yet lower mononuclear phagocyte system (MPS) accumulation (liver and spleen) of DiO was detected at 24-h post-injection ( Figure 6, C and D) . Because free long-chain dialkylcarbocyanine probes (e.g. DiO) have been reported to accumulate in the MPS organs, 45 our results suggest that the dendritic PEG outer shell of DM14K likely prevents a fast DiO release in the blood stream and thus reduces the accumulation of free DiO in the MPS organs. However, the differences were not statistically significant due to the intersubject variability. To minimize the inter-subject variability, we normalized the DiO content in the blood by the rhodamine content of the same sample and presented the data as the DiO-torhodamine ratio. As shown in Figure 6 , E, although the DiO and rhodamine contents in serum fluctuated among mice, the ratio between DiO and rhodamine contents was constantly close to 1 at 4-h post-injection. This result indicates that most likely DiO was still encapsulated in both DMs and LMs at this point, so the relative contents between DiO and rhodamine-labeled polymers in the serum were nearly 1:1. As the encapsulated DiO was released from the circulating micelles and accumulated in the MPS organs, these ratios dropped to 0.67 and 0.83 for LM14K and DM14K, respectively, at 24-h post-injection. The ratio for DM14K was higher (by 23%) than that for LM14K, which was statistically significant (p b 0.05). This result clearly demonstrates that the dendritic PEG outer shell of DMs reduces the uncontrolled release of hydrophobic molecules in the micelles in the blood stream, which may result in DM14K maintaining a higher blood level of the carried drugs in vivo for a longer period of time. This can be most likely attributed to the weaker micelleserum protein interactions and greater micelle serum stability of DMs demonstrated in the earlier in vitro studies.
Discussion
We present herein a systematic study on the effect of dendritic polymer architecture on biological behaviors of the resulting micelles using a series of theoretical, in vitro, and in vivo experiments. PDCs and LBCs with comparable molecular weights were synthesized to form self-assembled micelles configured with either a short dendritic PEG or a long linear PEG outer shell. This design minimized any potential effect from other physical parameters than structural factors on the properties of self-assembled micelles for these polymers, allowing us to focus on the effect of polymeric architecture (dendritic vs. linear) on micelle-serum protein interactions. It has been reported that the dendritic polymer architecture positively affects the thermodynamic stability of polymeric micelles, likely attributed to its conical (dendron) structure, pre-organized to form a micelle with a minimal entropy cost. 24 The same phenomenon was observed in this study, as DMs exhibited lower CMCs than LMs with the same length of the hydrophobic segment (Table 2) . However, the thermodynamic stability based on CMC does not necessarily dictate the stability of self-assembled NPs in physiological environments, where the micelles encounter numerous serum proteins during systematic circulation, which could potentially disintegrate them and cause premature drug release even when the concentrations of micelles are above their CMCs. 46 Therefore, the FRET technique was employed to further investigate the influence of dendritic polymer architecture on the micelle stability upon the interactions with serum proteins. The FRET-based micelle stability study demonstrates that DMs exhibited a significantly slower micelle disintegration rate in the presence of serum proteins. One can still argue that an increase in the length of hydrophobic PCL chain would likely enhance the serum stability of the resulting micelle due to increased hydrodynamic stability of micelles (i.e., reduced CMCs). While the incorporation of dendritic polymer architecture marginally decreased CMCs by 20-30% (Table 2) , however, it significantly prolonged the half-life of micelles in the serumcontaining media by approximately 2-fold (Table 3 ). These findings suggest that the dendritic PEG outer shell plays a more important role in reducing the micelle-serum protein interactions, which minimizes the uncontrolled drug release of thermodynamic stable micelles in the presence of serum proteins. This statement is further supported by the in vitro DOX release study. In a serum-containing medium, the superior serum stability of DMs was translated into a slower drug release profile when compared to their linear counter parts. On the other hand, DMs and LMs showed similar release profiles in a serum-free medium, suggesting that the dendritic PEG outer shell itself does not slow down the outbound diffusion of the encapsulated drugs. Therefore, the slower drug release kinetics of DMs in the serum-containing medium could be mainly attributed to the less micelle-serum protein interactions.
To obtain mechanistic understanding of these behaviors of the micelles, we performed a fluorescence quenching analysis and MD simulations to directly compare the interactions between BSA, the major component of serum proteins, and the micellar NCs. While the BSA quenching assay indicates that the dendritic PEG outer shell induces a lower degree of BSA conformational change, the MD simulations further demonstrate that the dendritic PEG design prevents the penetration of the serum proteins into the micelle and thus results in their lower binding energies. Taken together, both studies suggest that the dense dendritic PEG outer shell reduces the micelle-serum protein interactions more effectively than the linear PEG outer shell.
Finally, we studied the in vivo tissue distribution of duallabeled DMs and LMs to figure out if the incorporation of dendritic polymer architecture leads to different biodistributions of the selfassembled NCs and the carried drugs. Although our results show that the dendritic PEG outer shell did not substantially alter the biodistribution of the micelles in the in vivo study, it reduced the uncontrolled release of the encapsulated molecules, which is often caused by non-specific micelle-serum protein interactions.
In summary, the improved serum stability and in vitro DOX release profiles of DMs collectively demonstrate, for the first time to our knowledge, that the dendritic polymer architecture allows micelles to better withstand the negative influence of micelle-serum protein interactions. With slightly lower CMCs, the DMs exhibited 2-fold longer half-life in serum-containing media compared to their LM counterparts, suggesting that the dendritic PEG outer shell of DMs significantly reduces micelle-serum protein interactions. In addition to the fluorescence quenching analysis demonstrating the ability of the dendritic PEG outer shell in suppressing micelleserum protein interactions, the MD simulations reveal that the dendritic PEG outer shell prevents the penetration of serum proteins in the micelles and thus weakens the protein binding. When being tested in vivo, this dendritic design is shown to reduce the premature release of the encapsulated molecules from the micelles. All of these results support that dendritic polymer architecture provides enhanced serum stability of micelles, which is a desired biological property of NCs. As our previous work has suggested that the dendritic polymer architecture improves the thermodynamic stability of micelles, this work further demonstrates that this design reduces unwanted non-specific interactions with serum proteins. Our results herein suggest a novel approach that can be potentially applied for a variety of self-assembled NPs to promote their effectiveness in drug delivery. National Institutes of Health (NIH) under grant # 1R01CA182528 and 1R21EB022374. P.K. acknowledges the support from NSF DMR-1506886 grant.
